The present contribution deals with the various geochemical characteristics of the Ab to find out what metallic elements might be concentrated in the expected skarn deposit. Except for the South Ghorveh batholith (SGb), no mineralisation is known to be associated with these intrusives. The SGb, which is also situated in western Iran, intruded the volcanosedimentary Songhor Series (Triassic-Jurassic) during the Oligo-Miocene orogenic phase. SGb granitoids can roughly be classified as quartz monzonite to quartz monzodiorite, and as diorite. The granitoids of the SGb are low in free quartz, and show the characteristics of the I-type magnetite series, which is metaluminous and calc-alkaline. Adjacent to the SGb, a magnetite skarn deposit is present at Gelali. Petro-graphically the Gelali deposit has a simple ore mineralogy dominated by magnetite; martite, chalcopyrite and chalcocite are the main other ore-forming minerals. It can petrographically, geochemically, mineralogically be classified as an Fe-skarn -which is consistent with its classification in the field -and is characterised mainly by mixed calcic and magnesian skarn deposits (Zamanian, 2007) .
Geological setting
The S-S Zone experienced multiple magmatic intrusions during the Jurassic (140 Ma); they are represented by the granodiorites of Golpaygan and Colah Ghazi, and by the diorite of Deh Bid; other intrusions followed during the Cretaceous-Palaeocene (65 Ma), represented by the Alvand, Burojerd, Arak, Aligodarz, Hassan Robat intrusions. Finally, intrusions took place during the Oligo-Miocene (37 Ma); these are represented by the south Ghorveh, Kamyaran, Kolasar, Pangwin and Golpaygan gabbro-diorites. Except for the South Ghorveh, no mineralisation accompanies these intrusives. The Almoughlagh batholith is 2 Ma old (Amiri, 1995) , indicating continuous magmatic activity in the S-S Zone even after the Miocene.
The rocks surrounding the Almoughlagh batholith have been subdivided into three main units, namely the Songhor Series (Triassic-Jurassic), the Hamadan Schists (Jurassic) and the Limy Formations (Oligo-Miocene) (Fig. 2) . The Songhor Series is a volcanosedimentary succession, constituted of alternating schistose and limy units ( Fig. 3 ) with interbedded metamorphosed spilitic volcanic rocks and andesitic tuff (Barud, 1975) . The proportion of the volcanic rocks to the sedimentary rocks, regarding both layers and particles, is higher in the basal part of this unit; it decreases upwards.
The metavolcanic rocks are more frequent in the succession around Songhor, and become gradually less abundant towards the northearth, where the succession becomes less calcareous (Hamadan Schists) and eventually completely devoid of carbonates (Darvishzadeh, 1992) . Towards Baba Ali and Chenar, on the other hand, the succession becomes gradually more calcareous, representing the younger part of the Songhor Series. The entire succession has been recognised as a flysch-type unit, and a Triassic-Jurassic age has been assigned to it by Barud (1975) on the basis of fossils such as corals, crinoids and foraminifers in the calcareous horizons that occur in the lowermost part of the Upper Songhor Series.
Fig. 1. Tectonic zones of Iran (modified after
Berberian & King, 1981; Nabavi, 1971) .
Small enclaves of Baba Ali metadiorite occur within and on the margins of the Almoughlagh batholith. They represent the non-assimilated and non-skarnised rocks which were subjected to regional metamorphism along with the Songhor Series. Petrographically, these rocks have a relict igneous texture; they are mediumto coarse-grained, consisting of phenocrysts of plagioclase (andesine to labradorite) within a groundmass of tiny plagioclase, quartz and hornblende. The phenocrysts contain evidence of deformation such as bending, microfaulting and homogenisation of polysynthetic twinning and have been sussuritised and calcitised. In the Baba Ali magnetite skarn deposit, the main load of the magnetite ore body lies between the dioritic and quartz syenitic rocks of the batholith, hosted mainly by the metadioritic rocks. The metadioritic rocks show the effects of hydrothermal alteration, resulting in a distinct skarn zoning.
The deposition of this thick (>1000 m) flyschtype volcano-sedimentary succession probably started in the Early Triassic, coinciding with the beginning of an orogenic phase that forms part of the multistage tectonic activity in this region. The Baba Ali metadioritic rocks, which intruded the Songhor Series much earlier (144 Fig. 3 . Stratigraphy of the study area (from Zamanian, 2003) . ±17 Ma), were subject to regional metamorphism, related to the Late Kimmeridgian orogenic phase (Valizadeh & Cantagral, 1975) .
Petrography
The rock types of the Almoughlagh batholith have various compositions, viz. quartz syenite, gabbro and diorite (Valizadeh & Cantagral, 1975 ). The present study found that the batholith petrographically is composed of two groups of mapable units, viz. groups including quartz syenite and syenogranite (Fig. 2B) . The extent of the quartz-syenite group is much wider than that of the syeno-granite. Both groups are cut by relict enclaves of the metadioritic rocks (Zamanian, 2003) .
The group of the quartz syenites consists of rocks that are porphyritic; they change to quartz alkalisyenite, alkali syenite and quartz monzonite (Table 1) . Both the quartz syenite and the syenogranite show abundant K-feldspar phenocrysts that have mostly a perthitic form. The alkali-syenogranite and the monzogranite of the synogranite group and the quartz monzonite of the quartz syenite group contain neither amphibole nor biotite and show more commonly a granophyric texture (Fig. 4) . The perthitic and granophyric textures thus provide evidence for the stage of crystallisation of feldspars when the volatiles escaped (Bose, 1991) .
The QAP diagram (Fig. 5 ) does not show clustered compositions but rather a wide compositional spread, based on which the rock types have been identified. Granitoids have been classified on the basis of the presence of magnetite and ilmenite, as accessory minerals. The predominance of magnetite over ilmenite, the small amount of chalcopyrite, and the association of titanite, green biotite and epidote (pistacite) indicate that the Almoughlagh quartz syenites and syenogranites belong to the 'magnetite series' granitoids (Ishihara, 1981) , and that they have emplaced under conditions of high oxygen fugacity (Liou, 1973; Shimazaki, 1980) . The Almoughlagh granitoids are devoid of accessory minerals like corundum, cordierite and sillimanite, but they contain significant amounts of primary titanite, magnetite and hornblende, and are very poor in biotite and muscovite. Amongst the syenogranites, some rocks have a significant amount of muscovite without hornblende and biotite. Therefore, the quartz syenites belong petrographically to the I-type granitoids, whereas some other members of the syenogranite group belong to the S-type granitoids (Chappell & White, 1984; Taylor & McLennan, 1985) . In being poor to very poor in free quartz, while rich in K-feldspars, perthite and plagioclase, and having varying amounts of hornblende, while always containing magnetite and titanite, the Almoughlagh granitoids form a remarkable group. None of these rocks contain any feldspathoid, olivine or pyroxene and, thus -though rich in feldspars and perthitethey do not form the typical alkaline rocks (e.g. Ratnakar & Kumar, 1995) that commonly occur associated with feldspathoid-containing rocks and carbonatites.
Geochemical characteristics of the Almoughlagh batholith and the Baba Ali diorite
Based on the petrographic classification, fresh representative rock samples from the Almoughlagh batholith have been geochemically analysed (Tables 1-2 ). The percentages of the major elements (as oxides), trace and some rare-earth elements were determined. Major (1984, 1995) .
oxides were determined using an X-ray fluorescence spectrometer, whereas the trace and rare-earth elements were determined by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) at the Regional Sophisticated Instrumentation Center (RSIC) of . After Meinert (1984 Meinert ( , 1995 . Since the three constituents CaO, Na 2 O, and K 2 O controlled the crystallisation of the major minerals like plagioclase and alkali feldspars (including perthite), it was necessary to examine the alumina saturation of these two groups of felsic rocks by plotting the molar proportion of A/CNK against that of A/(Na+K) (Fig. 6) . The syenogranite group has a higher A/(CNK) ratio than the alkali syenite group, while the Baba Ali diorite has a higher Al(Na+K) ratio than both the quartz syenite and the syenogranite. The quartz-syenite group is entirely metaluminous, while the compositions of the syenogranite group fall in both the metaluminous and the peraluminous fields, indicating a higher degree of fractionation.
In order to find out also the kind of magma from which these rock types originated, the compositions were plotted in alkali-silica and AFM diagrams (Irvine & Baragar, 1971) . Both the quartz-syenite and syenogranite groups of the Almoghlagh granitoids have a sub-alkaline com- position ( Fig. 7) and show a calc-alkaline trend of crystallisation (Fig. 8) . Their compositions in the CaO-Na 2 O-K 2 O diagram (Fig. 9 ) are comparable with granitoids that are considered to have an igneous source (I-type). The dominance of magnetite over ilmenite, the low content of chalcopyrite and the association of titanite, green biotite and epidote (pistacite) among the accessory minerals indicate that the Almoughlagh syenogranite and quartz syenite also belong to the 'Magnetite series' granitoids (Ishihara, 1981) that are emplaced in high oxygen-fugacity conditions (Liou, 1973; Shimazaki, 1980) . The chemical composition of the metadiorites (Table 2) , when compared with that of the Almoughlagh quartz-syenite and syenogranite groups, shows that the nature (Figs 6-9) of the two kinds of magma that intruded the same orogeny region is clearly different. Their compositional clusters fall close to the line of best fit, indicating similar compositional variations with increasing SiO 2 (Fig. 10) . Neither the Baba Ali diorite nor the Almoughlagh batholith rocks show any enrichment in iron with increasing silica content, a trend that is characteristic of fractionation of the calc-alkaline magmas (Miyashiro, 1974) that dominate island arcs and active continental margins.
Though not very different in their Al 2 O 3 content, the two groups differ distinctly in the total Na 2 O + K 2 O content (Fig. 7) . The metadiorite is much richer in CaO (7-10%), MgO (5-7%), FeO (4-6%) and Fe 2 O 3 (2-7%) than the Almoughlagh felsic rocks. Compared to the average diorite (Perkins, 2002) , the Baba Ali diorite is remarkably poor in MgO and FeO, similar in SiO 2 , CaO and K 2 O, but richer in Na 2 O, Al 2 O 3 and Fe 2 O 3 . These characteristics represent the possible effect of contamination and assimilation of Songhor Series elements as well as of the later interaction with the Almoughlagh magma.
Baba Ali skarn
Small enclaves of the Baba Ali metadiorite occur within and on the margins of the Almoughlagh batholith. In the Baba Ali magnetite skarn deposit, the main magnetite ore body lies between the dioritic and quartz-syenitic rocks of the batholith, hosted mainly by the metadioritic rocks. The latter show effects of hydrothermal alteration, resulting in eight distinct skarn zones (Fig. 11) .
Zone 1 consists of the syenites of the Ab. The intrusion and the emanations from these rocks thermally metamorphosed the metadiorite and caused skarnization. The modal composition of the rocks of this zone is presented in Table 3 .
Zone 2 consists of altered quartz syenite. Moving NW from zone 1 towards the ore body, the syenite rocks show more and more hydrothermal alteration features, the original igneous features disappear gradually. The abundance of vein minerals like epidote, quartz, titanite, idocrase and magnetite distinguishes this zone from zone 1. Magnetite occurs as scattered grains within veins, associated chiefly with epidote and quartz.
From zone 2 to zone 3, the amounts of epidote, vein calcite and magnetite increase rapidly and the primary igneous minerals like K-feldspar, plagioclase and hornblende totally disappear. This zone shows the highest concentration of vein epidote (65% by volume) and t (8% by volume) of all skarn zones (Fig.  12a ) of the Baba Ali rocks. The paragenetic sequence in the vein-mineral assemblage, as based on texture is calcite » quartz » titanite » (actinolite + epidote) » magnetite. This zone is immediately adjacent to the ore zone in the NW and forms, more or less, the footwall of the ore body (Fig. 12b) . Zone four is the main mineralised zone. The ore (50-100% magnetite) is associated with epidote, calcite, actinolite, tourmaline, apatite, and quartz. The texture shows magnetite as disseminated grains, as cross-cutting veins and as massive magnetite, replacing all other vein minerals (Fig. 12c, b) . The paragenetic sequence is similar to that of zone 3, apart from that titanite is absent in this sequence.
Zone 5 is the most informative zone of the Baba Ali skarn deposit, since it provides the opportunity to establish the intensity of the thermal metamorphism before the rocks suffered hydrothermal veining and mineralisation. It is characterised by index minerals like garnet and pyroxene and preserves the skarn mineral assemblage beyond the zone of magnetite mineralisation.
Zone 6, situated towards the dioritic host rock, is characterised by the abundance of actinolite, quartz and calcite. The appearance of chlorite, the decreasing abundance of epidote and magnetite, and the rapid decrease of garnet and pyroxene are other characteristics of this zone.
The altered diorite zone (zone 7) is characterised by the gradual decrease of actinolite, calcite and epidote (compared to zone 6) and an increasing appearance of sericite, plagioclase, K-feldspar and quartz. This zone has the highest concentration of quartz (42% by volume) and sericite (10% by volume), indicating effects of hydrothermal alteration induced by the Almoughlagh granitoids.
The zones 4, 5, 6 and 7 together constitute the exoskarn. This exoskarn in the Baba Ali deposit is much wider than the endoskarn: the exoskarn has a radius of 39 m, whereas that of the endoskarn is 5.5 m. The ore body, with its width of nearly 27 m is positioned mostly within the exoskarn, but some mineralisation is also associated with zones 2 and 3, within the endoskarn. The extensive exoskarn confirms that the role played by the dioritic host rock was comparable to that of any carbonate host rock that is usually known to form a geochemical barrier for the precipitation of the metal content of ore-bearing fluids. The peripheral metadiorite zone (zone 8) has the same characteristics as described earlier for the Baba Ali diorite (host rock). The occurrence of calcite as the only vein mineral and intersertal re-crystallized grains is significant. 
Ore petrography
The ore petrography of the samples from zone 4 reveals a simple ore mineralogy dominated by magnetite with minor contributions of pyrite, chalcopyrite and chalcopyrrhotite. The magnetite is whitish gray without any anisotropy or exsolution product, indicating a lack of any mixed-crystal development (Ramdohr, 1980) . Magnetite occurs as idiomorphic, equigranular massive grains, as vein minerals filling open spaces and substituting pre-existing minerals like garnet, pyroxene, calcite, plagioclase, amphibole and epidote (Figs 12 and 13 ).
Discussion of the skarn ore potential
Some significant differences concerning both the major and the trace elements occur among plutons that lead to the formation of Au, Cu, Zn, W, Mo and Sn skarns (Meinert, 1995) . Two general groups of plutons are recognised and their distinction is based largely upon the extent of their interaction with oceanic/continental crust. Plutons that lead to Sn, Mo and W skarns show a much stronger continental-crust signature than do plutons that lead to Fe, Cu, Au and Zn skarns (Meinert, 1995) . The evolution of magmas can culminate in different supplies of metals to the post-magmatic fluids, so that eventually different metal deposits are produced. Dissolved volatile components in the magma have a strong influence on the crystallisation of amphiboles and feldspars. In the presence of water, K-feldspar and plagioclase have a stronger tendency to form individual crystals (hypersolvous condition). With the gradual escape of volatiles, the feldspars tend to form a solid solution (subsolvous condition), and eventually to form, during cooling, perthite. In extreme cases, when the volatiles escape, very little time is left even for the K-feldspar and quartz to form individual crystals and they form intergrowths (granophyric texture) (Bose, 1991) . Mo-W-Sn deposits are connected with felsic and fractionated granites (Blevin & Chappell, 1995) . Tungsten mineralisation correlates with granitic magmas of a transitional character and Cu-Au deposits with more mafic granites. Granite-related Cu deposits are associated with less fractionated granites (Blevin & Chappell, 1995) . The plutons adjacent to Fe-Cu skarns lack the continental-crust signature. They are generally of the I-type, metaluminous, low in silica, ironrich and relatively primitive (Meinert, 1993) .
However, Mo and W deposits are associated with more fractionated granites, and tin deposits are even associated with the most fractionated and reduced granites (Blevin & Chappel, 1995; Baker et al., 2005) . Granite-related Cu and Mo deposits are associated with I-type intrusions, whereas W and Sn deposits are associated with both S-and I-type granites (Baker et al., 2005) . The oxidation state of the magma is of paramount importance in controlling the nature of many ore elements and allows for division of granites into ilmenite and magnetite series (Ishihara, 1981) . There is a general trend to decrease the relative oxidation state in granite from an arc settings through a continental-margin setting to that of a continental interior. Granites of the S-type are almost invariably reduced (Blevin, 2004) . The Sn±W deposits are typically related to ilmenite-series granite and Cu, Mo and Au deposits are related to magnetite-bearing (oxidised) granite (Ishihara, 1981) . The hydrothermal redistribution process depends on the oxidation state of the igneous system (Lehmann, 1994) . Hydrothermal Sn ore-forming environments have a low oxidation state, opposite to Mo, which is mobilised in much more oxidised environments, incidentally like Au. Tungsten appears to be less redox-sensitive and is redistributed in both reducing and oxidising environments.
The mean composition of the major elements of the Almoughlagh batholith and the mean composition of the plutons associated with skarn deposits are compared in Table 4 . To evaluate the ore potential of the Almoghlagh batholith, employing discriminative diagrams and also comparing the Almugholagh composition with the known compositions of skarn-forming batholiths, is a suitable approach. The composition of the present pluton, plotted in the alumina saturation diagram (Fig.  6) indicates that the composition of the Baba Ali diorite is well consistent with the composition of Fe-bearing plutons, whereas the syenogranite composition is similar to those that generate Mo, Zn, Cu skarn deposits. With respect to the total alkalines versus SiO 2 , most plutons associated with skarn deposits plot in the sub-alkaline field (Fig. 7) (Meinert, 1995) .
The Almoughlagh batholith also plots in the field of sub-alkaline plutons, and particularly in the field of calc-alkaline plutons (Figs 7, 8) . These plots show that the geochemical composition of the Almoughlagh granitoids is consistent with the composition of the plutons associated with Fe, Cu and Mo skarns. The variation in K 2 O and MgO vs. SiO 2 (Fig. 10) indicates that the Ab composition varies along a spectrum representing two end-members ranging from Sn-skarn plutons to Fe-skarn plutons. Of interest is their close relationship with the differentiation trend of the batholith. There is a good correspondence between the Almoghlagh granitoids and the compositions of those recognised with the Fe, Cu, and Zn skarns. Illustrating the iron-oxidation state vs. SiO 2 (Fig. 14) indicates a clear correspondence between the Almoughlagh granitoids (quartz syenite and syenogranite) and those bearing Cu-and Zn-skarn deposits, whereas the relationship between the Baba Ali diorite and the composition of the plutons that are accompanied by Fe skarn deposits is relatively distinct (Meinert, 1995) . Interestingly, these phases of different mineralisation in skarn rocks are related with both the SiO 2 content and the portioning of total iron, calcium and sodium with respect to the potassium content of the plutons. It is important in this context to point out that the plutons that are accompanied by Fe-Cu skarns show a high degree of portioning of the above constituents (Fig. 15) . The diagram is applicable to both the oceanic island-arc type and the volcanic-arc type skarn deposits (Meinert, 1993) . It is also interesting that the Almoughlagh batholith shows an intensive portioning of the total Fe, CaO and Na 2 O with respect to K 2 O. The composition therefore points towards less crustal influence and to intensive differentiation for the Almoughlagh batholith. Geochemical and petrographic data show that this batholith can be classified as an I-type granite and as a member of the magnetite series (Zamanian, 2003) . Such a batholith is considered as a possible source which could produce mineralised fluids responsible for the formation of skarn deposits (Einaudi & Burt, 1982) . Thus, based on geochemical criteria, the composition of the Baba Ali diorite has been largely responsible for the Fe mineralisation. The Ab granitoids have an intermediate composition, mostly metaluminous, and their subsolvous character must also have allowed solubility of volatiles (Meinert, 1993) .
Considering these characters and the mineralisations of Fe and Cu (Cu mineralisation as chalcopyrite occurs with magnetite in the iron-skarn deposits of the area), further investigation and exploration are needed to find out whether Mo-and Zn-skarn mineralisations are present (due to Almoughlagh hydrothermal activities) or not. Despite the mantle source for the Ab, the similarity of the syenogranite and the quartz-syenite compositions with the plu- Zn W tons associated with Mo-and Sn-skarn deposits could be interpreted as the result of contamination (by mixing) of mantle melts with crustal material during the uprising of the magma.
Conclusions
The Almoughlagh granitoids have an intermediate composition, mostly metaluminous, and their subsolvous character must have enabled volatiles to be dissolved. The abundance of perthitic and granophyric textures in the different rock types of the Almoughlagh batholith, indicate escape and emanation of volatiles from the batholith, which influenced both the encompassed Baba Ali diorite and the surrounding Songhor Series. The composition of the Ab shows less crustal influence and intensive differentiation, so that it can be classified as an I-type granite and as a member of the magnetite series. Such a batholith is a possible source of mineralised fluids responsible for the formation of skarn deposits.
Discriminative geochemical diagrams indicate that the Baba Ali diorite is responsible for iron mineralisation in the Baba Ali and Chenar mines, whereas the syenogranite must be held responsible for the Cu mineralisation which occurred as chalcopyrite in the Baba Ali skarn deposit. Based on their geochemistry, the syenogranite and the quartz syenite resemble compositionally plutons associated with Moand Zn-skarns. This will help future exploration activities searching for probable Mo and Zn skarn mineralisations.
